In vivo Cerenkov luminescence imaging (CLI) is a rapidly growing molecular imaging research field based on the detection of Cerenkov radiation induced by beta particles when traveling though biological tissue with a velocity greater then the speed of light in the tissue. In the past two years several papers have been published investigating the use of Cerenkov radiation to image different radiotracers, [1] [2] [3] [4] [5] [6] [7] as an excitation source for quantum dots, [8] [9] [10] and as a light source for phototherapy.
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A useful extension of planar CLI was recently obtained by introducing Cerenkov luminescence tomography (CLT) using finite element methods 12, 13 or multispectral approaches.
14 Generally speaking, all these studies pay little or no attention to exploiting the peculiar properties of the Cerenkov light spectrum. For example, in our previous work 2, 4 the shape of the Cerenkov spectrum has been used to obtain, respectively, the source depth or to reconstruct 3-D images using a multispectral approach. 14 It is well known that the number of the emitted Cerenkov photons per unit of wavelength λ shows a 1∕λ 2 dependence, 15 and thus a larger number of photons are emitted at shorter wavelengths and vice versa. This property was used by Ref. 16 to investigate theoretically the possible use of fiber probes for brain mapping in order to avoid the typical absorption of the short wavelength part of the spectrum in the biological tissues. Their theoretical analysis showed that the use of fiber probes can significantly increase by three orders of magnitude the detected Cerenkov signal.
However there are some drawbacks of using an approach based on fiber probes, such as its invasiveness and the fact that it is also not possible to obtain continuous images of the Cerenkov sources as in CLI or CLT.
In this work we propose a quite opposite and, to some extent, counterintuitive approach to enhance the number of the detected Cerenkov photons. More precisely, our main goal was to investigate the detection of Cerenkov photons in the near infrared (NIR) region of the spectrum where the tissues show a smaller absorption coefficient.
In the rest of this short communication we will present a theoretical analysis based on applying a photon propagation diffusion model to Cerenkov photons in the tissue. The detection of the photons exiting the tissue will then be simulated considering charge-coupled device (CCD) detectors optimized, respectively, for the visible and NIR spectral regions.
We will show that despite the smaller number of Cerenkov photons in the NIR, the fraction exiting the tissues is greater than in the visible range, and thus, the use of a CCD detector optimized for the NIR range will allow for improvement of the signal.
The photons propagation model used in this work was developed by Haskel and colleagues 17 and applied to preclinical small animal optical imaging by Rice and collaborators. 18 The photon transport in a turbid medium with an absorption coefficient μ a can be described by the diffusion equation 
where c is the speed of light, and ϕðr; tÞ and Sðr; tÞ are, respectively, the photon fluence and the source term at position r and time t. The diffusion coefficient D is equal to
where μ 0 s is the reduced scattering coefficient. Since we are interested in a noninvasive imaging approach, we assumed that the detector is located outside the tissue and, thus, the whole system geometry can be approximated as a planar semi-infinite medium.
This assumption is more valid for small animal optical systems where the animals are squeezed by two slabs of transparent material.
The semi-infinite medium boundary condition can be included in solving the diffusion equation and for a point source in the case of a detector placed above the medium, the surface radiance L at the tissue surface is equal to
where P is the source power and the other terms are equal to
The terms d and ρ are, respectively, the depth and radiance distance from the detector axis of the point source. For biological tissues with a refractive index n equal to 1.33, the value of the effective reflection coefficient R eff averaged over all angles of incidence at the boundary is equal to 0.431. At this point it may be useful to remember that the emission of Cerenkov radiation with a radial frequency ω takes place when the ratio between the particle velocity v and the speed of light c is
By using the Frank and Tamm theory 15, 19 one can obtain the total energy W emitted by an electron with charge e travelling a short length l in a medium as
The corresponding emitted power P cer is thus equal to
Equation (10) can be combined with Eq. (3) in order to estimate the power of Cerenkov radiation emitted by a beta particle traveling in the tissues. The model described above relies on the assumption that the velocity of the beta particle is almost constant along l and, at the same time, such distance needs to be small since Eq. (3) strictly speaking is valid for a point source.
It is useful to remind here that CLI imaging is based on beta emitters used in nuclear medicine these radioisotopes have an endpoint energy typically below 2 MeV, and thus the particles travel a relatively short distance in the medium. More precisely, a recent paper 20 based on Monte Carlo simulation showed that the Cerenkov light production is confined to 2 mm (root mean squared) even for the isotopes with high endpoint energies. For the widely used 18 F the Cerenkov light production take place only within 0.3 mm of the positron path.
In Ref. 18 are presented the full width half maximum (FWHM) values for a point source located at different depths; these FWHM values are generally greater with respect to the distance where Cerenkov light production take places. Therefore for our purposes we can consider the Cerenkov source to be almost equivalent to a point-like source.
The measured radiance L meas will be dependent on the quantum efficiency Q e of the detector, more precisely L meas ðλÞ ¼ LðλÞQ e ðλÞ: (11) Whereas in this case the dependence by the wavelength λ has been explicitly included in the equation, the wavelength dependence of the tissue μ eff was also taken into account in order to estimate the surface radiance. The values of μ eff at different wavelengths were obtained considering the optical properties of mouse muscle. 21, 22 In order to investigate the differences in the measured radiance, the Q e profiles of two different commercial CCD were included in Eq. (11) .
In order to compare the detected signals, a figure of merit F was calculated as
where Q VIS and Q NIR are the quantum efficiencies of two commercial high-quality back-thinned back-illuminated CCD detectors optimized, respectively, for the visible and NIR range.
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As an example, the spectrums of the detected Cerenkov light emitted from a point source located at 3-mm depth is shown in Fig. 1 . The three plots were obtained by considering an ideal detector having Q e ¼ 1 across the entire spectrum, and the two Q e values presented in Refs. 23, 24. As one can see by Fig. 1 The plots show the spectrums of the detected Cerenkov light emitted from a point source located at 3-mm depth. The graphs were obtained by considering an ideal detector (continuous line) and the Q e values shown in Refs. 23, 24. As one can see by looking at the figure, the spectrum obtained using a CCD more efficient in the NIR (dashed line) is closer to the spectrum obtained considering an ideal detector with respect to a detector optimized for the visible (dot-dashed). The dip between 500 and 600 nm is caused by hemoglobin absorption.
looking at Fig. 1 , the spectrum obtained using a CCD more efficient in the NIR region is closer to the spectrum obtained considering an ideal detector.
F was calculated at different source depths ranging from 1 to 11 mm and plotted in Fig. 2 . The plot present a monotonic increase of F with respect to source depth, showing that a CCD optimized for the NIR always allows a better detection of the Cerenkov radiation exiting the animal tissues.
Considering only the Poisson nature of the noise, the relative differences in the signal to noise ratio (SNR) are ≈ð ffiffiffiffiffiffiffiffiffiffiffi ffi F þ 1 p − 1Þ. For example, a value of F ¼ 35% corresponds to a 16% improvement of the SNR.
Of course there are other important sources of noise like the CCD reading noise and dark current. These sources of noise are dependent on the detector temperature, electronics, and reading mode. A detailed analysis of all these noise sources is beyond the main goals of this short note.
The theoretical analysis presented here shows that the use of a CCD optimized for the NIR allows a better detection of the Cerenkov photons exiting the animal surface, suggesting that small animal optical imaging systems tailored on the NIR range perform well for CLI.
We would like to stress that our analysis is based on several assumptions and approximations like considering almost constant the particle speed and Cerenkov radiation emitted by a point source. However, we believe that these are not severe limiting factors. More precisely, our main goal was to compare in relative terms [see Eq. (12)] the efficiency of Cerenkov photons detection in the visible and NIR region and not to obtain absolute signal quantitation. The comparison was performed considering Cerenkov point sources located at different depths inside the animal.
We conclude that noninvasive CLI imaging can be improved by using small animal optical imaging systems based on a CCD detector with a quantum efficiency peaked in the NIR range. The improvement is more significant when the Cerenkov source to be imaged is located deeper inside the animal. Fig. 2 The plot shows the figure of merit F calculated at different source depths, as on can see the figure of merit present a monotonic increase with respect to source depth. This clearly shows that a detector optimized for the NIR always allows a better detection of the Cerenkov radiation exiting the animal tissues.
